We investigated the feasibility of measuring daily fiducial length on cone-beam computed tomography (CBCT) images to assess the variation in daily tumor motion for pancreatic SBRT. Motion data for fifty pancreatic SBRT patients with fiducials were analyzed retrospectively to determine the tumor motion statistics. We also performed a phantom study which involved motion analysis of three gold fiducials placed around a solid target inside the Quasar Phantom as a function of variable tumor motion and breathing period. The end-exhalation CT-50 images were compared with the CBCT images acquired prior to treatment delivery on a TrueBeam STx linear accelerator. Sinusoidal tumor motion and patients' breathing files acquired from a Varian-RPM system were used to simulate patients' breathing patterns. The fiducial length was measured to determine its correlation with tumor motion. Patient tumor motions along the superior-inferior (SI), anterior-posterior (AP), and left-right (LR) directions were found to be 0.7 ± 0.4 cm, 0.2 ± 0.3 cm, and 0.1 ± 0.2 cm, respectively. Average breathing period was 4.3 ± 0.8 seconds. For sinusoidal and patients' breathing patterns, a significant correlation was observed between the fiducial length and tumor motions with R 2 of 0.99. However, fiducial length was found to be independent of the variation in breathing periods. This work suggests that measuring the fiducial length on daily CBCT images could provide quantitative daily tumor motion for fiducial-based pancreatic SBRT. A timely decision to modify the motion management strategy could be made prior to daily treatment delivery.
Introduction
Stereotactic Body Radiation Therapy (SBRT) of abdominal targets such as pancreatic and liver cancers has shown to be an effective treatment modality that could achieve high local control and reduced toxicity [1] - [6] . Although motion study provides insight on tumor motion during 4-dimensional (4D) Computed Tomography (CT) simulation, variations in inter-and intra-fractional target motion result in the loss of targeting accuracy and reproducibility compared to the original treatment plan [2] [7] .
Several studies [7] [8] discussed the applicability of the motion study data acquired during 4D-CT simulation over the course of treatment delivery. Regarding the SBRT technique of abdominal targets, tumor motion over the treatment course is susceptible to the variability of abdominal filling, patient setup, and therapy/disease-related progression due to tight setup margins. Variations in daily tumor motion combined with suboptimal gating accuracy could introduce additional errors to the treatment delivery [8] . Therefore, it is important to evaluate the daily variation of tumor motion prior to beam delivery, and compare the daily tumor motion to the reference 4D-CT motion data in order to ensure the adequacy of the plan delivery.
Due to the limited tissue contrast on cone-beam CT (CBCT) images, it is not easy to determine the variation of tumor motion for pancreatic SBRT cases, which could result in dosimetric uncertainties. Therefore, gold fiducials are used for characterizing tumor motion during CT simulation as well as for target localization. These fiducials could also be used to evaluate the inter-and intra-fractional tumor motion.
In this study, we analyzed the tumor motion characteristics for pancreatic SBRT cases with gold fiducials. The feasibility of fiducial length-based tumor motion prediction was examined to evaluate the variation in daily tumor motion for pancreatic SBRT. Empirical correlation between tumor motion and fiducial length on CBCT images was investigated as a tool for the adjustment of the gating window on a daily basis.
Materials and Methods

Patient Characteristics for Pancreatic SBRT Cases
4D-CT data for 50 pancreatic SBRT patients were selected for this retrospective study. All patients had 2 -3 gold fiducials (length of Visicoil = 5 mm) implanted inside the lesions or close to the lesions, and were treated using TrueBeam STx or Trilogy linear accelerator (Varian Medical Systems, Palo Alto, CA, USA). The prescription dose was 36 Gy in 3 fractions, and was delivered on an every other day schema. The prescribed isodose lines (IDL) for all cases were in the range of 80% -90% of the target maximum dose.
Pancreatic SBRT Treatment Planning
In our clinic, pancreatic SBRT plan is generated using the Eclipse treatment S. Y. Jang et al. On all treatment days, CBCT images are acquired and registered with the planning CT images. The superior border of the fiducial on the CBCT images is matched with the fiducial on the planning CT images. On the first day of treatment, we also confirm that the fiducial motion is within the 4D-CT motion data by using the fluoroscopic imaging.
Quasar Phantom Measurements
Three gold fiducials (length and width = 5 mm × 1 mm) were placed around the target insert supplied with the Quasar Phantom (Modus, London, Ontario, Canada). 4D-CT images were acquired with a tumor motion of 1 cm along the superior-inferior (SI) direction as shown in Figure 1 . The breathing period was set to 4 seconds with a sinusoidal breathing pattern. After generating a 4D CT imaged, CT-50 images were imported into the Eclipse treatment planning system, and a set of setup fields were created for the acquisition of CBCT images.
Regarding the fiducial orientation, two different orientations were simulated; 90-degree angle, which is along the SI direction, and 45-degree angle compared to the SI direction. In our clinic, we did not observe any fiducials implanted with lateral or anterior-posterior directions, and hence we did not simulate any fiducials with zero or 180-degree angles.
CBCT images were acquired by using the half-fan pelvis technique in a TrueBeam STx linear accelerator. Sinusoidal tumor motion was simulated with a range of zero to 2 cm with 0.5 cm increment along the SI direction. For each tumor motion, the breathing period was varied from 2 to 6 seconds with 2 second increment.
In this study, patients' breathing files acquired using the Varian RPM system were used to simulate patients' breathing patterns. Figure 2 shows an example of a patient's breathing file. After importing the VXP files, the waveform was inverted to simulate the correct breathing cycle in the Quasar Phantom. As the patient's breathing pattern was changed, the Quasar Phantom automatically adjusted the magnitude of tumor motion per the patient's breathing file. Due to the limitation of the Quasar Phantom, we set 2 mm as the magnitude of the patient waveform to mimic a non-moving case. Rotational motions of fiducials were not considered due to the one-dimensional (1D) characteristics of the Quasar Phantom.
With the window/level setting for abdomen in the Eclipse, the fiducial length on the CBCT images was determined by measuring the width of the Hounsfield unit (HU) profile, which is the width of the HU value of zero as shown in Figure 3 in order to minimize any subjective bias. Measurement uncertainty was quantified S. Y. Jang et al. by calculating the error bar of one standard deviation using the measured lengths of three gold fiducials.
Results
Fourteen patients were treated without gating technique because the tumor motion was ≤5 mm in any given direction. The mean breathing period was 4.3 ± 0.8 seconds (median = 4.0 seconds) with minimum and maximum periods of 2.5 seconds and 5.5 seconds. Based on the breathing period data of the 50 patients, the breathing cycle for the Quasar Phantom was varied from 2 to 6 seconds with 2 second increments. Mean tumor motions for SI, anterior-posterior (AP), and left-right (LR) directions were 0.7 ± 0.4 cm (median = 0.7 cm, maximum = 1.8 cm), 0.2 ± 0.3 cm (median = 0.0 cm, maximum = 0.7 cm), and 0.1 ± 0.2 cm (median = 0.0 cm, maximum = 1.0 cm), respectively. Sixty-four percent of the 50 patients had 4D-CT scans that were acquired using a monophasic coaching technique. Table 1 shows mean tumor motion along the SI direction for coaching versus no-coaching and gating versus non-gating. No-coaching cases show less tumor motion compared to coaching cases (mean tumor motion = 0.6 cm versus 0.8 cm along the SI direction). For gating cases only, the mean tumor motion along the SI direction was 0.9 ± 0.3 cm (median = 0.8 cm, maximum = 1.8 cm) compared to 0.4 ± 0.2 cm for the non-gating cases.
Figure 4(a) shows the mean fiducial length along the SI direction with varying tumor motion simulated by the Quasar Phantom. As the tumor motion Table 1 . Characteristics of fiducial motion along the superior-inferior direction for 50 pancreatic SBRT cases. Median motion was computed with the superior-inferior motion data set of the 50 SBRT cases, and maximum motion value was selected among the most superior-inferior motion data of the 50 SBRT cases. (a) (b) Figure 4 . Variation of fiducial length for three fiducials along the superior-inferior direction as a function of tumor motion and breathing period, which was simulated by using the Quasar Phantom and sinusoidal breathing waveform. The error bar denotes one standard deviation calculated using the measured lengths of three fiducials. The magnitude of error bar was below 1 mm since all fiducials placed inside the Quasar Phantom were moved with the same characteristics of superior-inferior motion.
increased from no-motion to 2 cm, the mean fiducial length on the CBCT images increased linearly from 0.6 to 2.5 cm with a linear correlation of 0.87x + 0.64 cm (R 2 = 0.99). Figure 4(b) shows the mean fiducial length along the SI direction with varying breathing period of 2 seconds to 6 seconds. The mean fiducial length was independent of the breathing period regardless of the magnitude of tumor motion along the SI direction. Figure 5 shows how the mean fiducial length changes along the SI direction when the tumor motion increases from no-motion to 2 cm by using a breathing pattern that is representative of a patient's breathing pattern. Since the patient's breathing amplitude varied with time, the mean tumor motion increased from no-motion to 1.9 cm. The mean fiducial length was also found to increase linearly with varying tumor motion. Table 2 . Variation of mean fiducial length for three gold fiducials implanted without fiducial rotation along the superior-inferior direction as a function of tumor motion, which was simulated by using a real patient's breathing waveform and the Quasar Phantom. The error bar denotes one standard deviation calculated using the fiducial lengths of three fiducials. Table 2 . Variations of three fiducials in length and width implanted at 45-degree angle along the superior-inferior direction as a function of tumor motion and breathing period of no motion, 2, 4, and 6 seconds, which was simulated by using the Quasar Phantom. The magnitude of error bar was below 1 mm since all fiducials placed inside the Quasar Phantom were moved with the same characteristics of superior-inferior motion. 
Discussion
It is now well-established that the effectiveness of abdominal SBRT is affected by organ motion and the uncertainty of target positioning due to breathing motion [3] . At our institution, we use the end-exhalation CT-50 image for pancreatic SBRT planning because end-expiration phase shows the least target position variability, thereby allowing us to reduce the margin that is used for the internal
This study shows that the dominant tumor motion is along the SI direction (median SI motion of 0.7 cm versus median motion of 0 cm along the AP and LR directions) as reported in the literature [10] [11] . However, the magnitude of tumor motion in this study is different from data presented by Huguet et al. [10] and Langen et al. [11] , which data show a mean motion of 1.8 -2.0 cm and 1.3 cm along the SI direction, respectively. The difference in tumor motion along the SI direction between this study and Hugget et al. could be related to the immobilization device (BodyFix in our clinic versus Alpha Cradle in their clinic).
Wunderink et al. also reported that abdominal compression for liver SBRT reduced the median liver tumor excursion by 62% along the SI direction [12] .
AAPM TG-76 states that the magnitude of respiration-induced tumor motion might change (either increase or decrease) during the course of radiation treatment [13] . Nelson et al. reported a large inter-fractional variation in gated and non-gated fiducial motion for lung cases [14] . Using fluoroscopic studies, Ge et al. showed that the gating accuracy decreased by up to 50% for abdominal tumors. They attributed this decrease to the changes in external-internal correlation over time, suboptimal gating setup, and imperfections in the external-internal correlation [8] . They suggest that the inter-fractional variation of tumor motion for hypo-fractionated pancreatic SBRT should be assessed by using fluoroscopy or other tools before each treatment. However, there are presently no tools available to perform a quantitative evaluation of pancreatic tumor motion during treatment delivery. Although 4D-CBCT technology is currently available, there is no clinically relevant solution to analyze abdominal 4D-CBCT images prior to treatment since the quality of abdominal CBCT images is suboptimal.
Fluoroscopy serves as an option to evaluate the daily fiducial motion. However, it provides mostly qualitative information about the fiducial motion.
Gierga et al. reported that treatment margins for abdominal tumors should be determined based on a detailed analysis of tumor motion rather than relying on the external-marker information [15] . Although a planning target volume (PTV) expansion of 2 -5 mm is typically considered for pancreatic SBRT to account for setup uncertainty, strategies for motion management should be implemented to minimize PTV expansion [16] . In the present study, our goal was to determine whether daily variation of fiducial length on CBCT images could be used as a
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tool to quantify the variability of daily tumor motion for pancreatic SBRT. Our results show that the measured fiducial length increased linearly from 0.7 cm to 2.5 cm for the simulated tumor motion of no-motion to 2 cm. Since the measured fiducial length has a strong correlation with tumor motion, it is possible to establish a correlation between the fiducial length on the CBCT images and tumor motion for pancreatic SBRT. Therefore, the variation in daily tumor motion could be determined by measuring the fiducial length on daily CBCT images.
Our approach assumes that the intra-fractional motion remains similar to the motion observed from the CBCT. In this study, we first investigated the feasibility of fiducial length-based motion prediction by using fixed magnitude of motion and breathing cycle, which excluded any impact of intra-fractional motion.
Secondly, we used real patients' breathing files, which had irregular breathing patterns, in order to evaluate the combined effects of intra-and inter-fractional Table 1 . If the fiducial length-based tumor motion exceeds the baseline motion data, respiratory guidance could be switched from coaching into no-coaching to reduce tumor motion. Additionally, fluoroscopic imaging without coaching could be implemented to make sure that the fiducial motion is within the expected motion from the motion study.
In real pancreatic SBRT cases, fiducial orientation is oblique rather than 90-degree angle, which is along the SI direction. In this study, fiducial length was measured with two different orientations of 90-degree and 45-degree. With different fiducial orientations, the mean fiducial length increased linearly with varying tumor motion, showing that fiducial-based motion measurement is less sensitive to the fiducial orientation.
A limitation of the present study is the uncertainty of the fiducial length measurement on the CBCT images with relatively short inspiration duration compared to the exhalation period. For an extremely short inspiration duration, the inferior tail of the gold fiducials shows lower HU numbers along the track of the fiducial motion compared to the superior boarder of gold fiducials. This smearing effect could result in a higher uncertainty in fiducial length measurements.
In this study, measurement uncertainty represented by the error bar of one standard deviation was not great, which results from the fiducials implanted closely around the target in our attempt to mimic a real pancreatic SBRT case.
Additionally, this was a phantom study and all fiducials were moved with the same magnitude of motion and breathing cycle. All of the controlled motion measurements contributed to the minimal deviation of fiducial motions among the three fiducials. In our clinic, gold fiducials for pancreatic SBRT are usually implanted within 1 -3 centimeters along the SI direction, and hence the motion characteristics of individual fiducial should have a similar pattern as shown in this study.
Rotational motion was not considered in this study, which was a limitation of this study. The 1D breathing data acquired for real patients do not represent the three-dimensional (3D) motion characteristics, which could be not only translational but also rotational. Therefore, the measured fiducial length might be varied through the breathing cycle. However, this study showed that the dominant motion of pancreatic tumors was along the SI direction (median SI motion of 0.7 cm versus median motion of 0 cm along the AP and LR directions). Regarding rotational motion, Xu et al. [17] reported that the rotational angles in roll, pitch, and yaw for CyberKnife-based liver SBRT were 1.2˚ ± 1.8˚, 1.8˚ ± 2.4˚, and 1.7˚ ± 2.1˚, respectively. Bertholet et al. [18] also showed that the mean intrafractional rotations for fiducials were 3.9˚ (LR), 2.9˚ (SI), and 4.0˚ (AP) for liver SBRT, which was evaluated using the projection images of CBCT scans.
Considering the dominant SI translational motion in pancreatic SBRT cases as well as small rotational motions of less than 4˚, the estimation of daily tumor motion using fiducial length measurements could be a feasible option in a clinical setting.
Conclusion
For pancreatic SBRT, the measured fiducial length on the CBCT images correlates well with the magnitude of tumor motion observed in the phantom study.
Our results show that daily tumor motion could be evaluated by measuring the fiducial lengths on daily CBCT images. A decision as to whether the motion management techniques are to be modified for that particular day (e.g. change the gating window, etc.) could be made in a timely manner.
